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SUMMARY

Force, moment, pressure—distribution, and boundary—layer measurements
are presented for a series of five airfoll secticns. The stalling char-
acteristics of these alrfoll sectlons at low speeds are of three types:

1. Trailing-edge stall (preceded by movement of the turbulent
separation polnt forward from the traliling edge with increas—
ing angle of attack)

4

2. Leading—edge stall (abrupt flow separation near the leading edge
generally without subsequent reattachment)

3. Thin-airfoil stall (preceded by flow separation at the leading
edge with reattachment &t a polnt whlch moves progressively
rearward with increasing angle of attack)

The role of the boundary—layer flow and separation processes in relation
to stalling as well as the sensitivity of the stall to factors which
influence boundary—layer growth, such as Reynolds number, is discussed.

INTRODUCTION

The varlables involved in the stalll of a complete wing are many, and
include the factors of alrfoll shape, wing plan form, wing twist, fuselage
and nacelle interference, surface roughness, stream turbulence, and
Reynolds number. A dlrect attack on the problem of wing stall is, there—
fore, a formldable undertaking. Since the stall results from boundary—
layer separation, a complete understanding of the stall depends on an

lPor the purposes of this report the stall is defined as the flow
condition which follows the first lift—curve peak.
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understanding of the mechanics of boundary—layer separation, & phenomernon
which has not been fully explalined to date, and which is beyond the scops

of the present report. Considerable inslight into the problem of wing
stelling may be gained, however, by observing the processes of-boundary-
layer separation in two—dimensional flow fields. A study of the stalling
characteristics of alrfoll sections is, therefore, an important phase of

the over-all problem of wing stalling and can greatly assist the alrplans
designer ln the selection of airfoll sectlons for specific applicationsa.

It 1s the purpose of the present report to summarize the stalling
characteristics of a sgeries of five symmetrlcal alrfoll sectlons based on
investigations conducted in the Ames T7— by 10-foot wind tunnels, The
stalling of these alrfolls 1s classifled into three general types, and
1llustrative examples of the force, moment, pressure~distribution, and
boundary-layer characteristice of each type are discussed in detall. The
data are directly comparable with one another because simllar testing
techniques and models were employed 1n all investigations. Most of the
ideas contained herein are now new, but the presentation furnishes a
compllation of some of the more significant knowledge on the subject of
alrfoll-sectlion stalling and assoclated two—dimenslonal flow phenomena,

HISTORICAL BACKGROUND

Beginning about 1930, as a result of intensive wind—tunnel lnves—
tlgatlons of the effects of Reynolds number and stream turbulence, the
role of the boundary layer in stalling became of interest and was sub—
Jected to direct observations. Thils work is typifled by refer—
ences 1 and 2. In 1931, Jacobs speculated that the shape of the 1lift—
curve peek was controlled by the position and movement of the polint of
separation of turbulent flow on the airfoll surface. Shortly thereafter
one of the earliest efforts to correlate the type of boundary-layer flow
and separation with stalling was reported by Millikan and Klein. They
suggested, after investigating the effect of turbulence on meximum 1ift,
that the point of transition from laminar to turbulent flow relative to
the point--of lamlnar separation was crltical in determining maximum 1ift.
They pointed out that 1f transitlon moves ahead of the theoretical point
of laminsr separation, then the laminar stall cannot occur, and increased
values of maximum 11ft might be reallzed because the turbulent boundary
layer resists separation to a much greater extent than doces the laminar
boundary layer.

Contemporaneously wlth the work reported 1n references 1 and 2,
B. Melvill Jones Investigated the stalllng characteristics of several
different alrfoll sections experimentally and made what is apparently
the first generalization of stalling characteristics (references 3 and k).
He classifled stalling into three types: a tralling—edge stall, and two
types of leadling—edge stall. Jones' significant concluslon was that
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stalling could result from flow separation at the leadlng edge as well as
from the trailing edge of an airfoll. DPerhaps equally important, although
geemingly overlooked at thé time, was his observation of the now well—
known "bubble" or localized region of laminar separated flow. He also
distingulshed between the leading—edge stalls characteristic of rounded
and sharp—edged sectlons, The latter type of sectlon, however, was dis—
missed as being impractical. Unfortunately, his experimental work was
confined to force, pressure—distribution, and tuft observations so that
direct correlation of the types of stall wlth boundsry—layer flow was not
possible.

In 1937, Jacobs and Sherman (reference 5) first related the type of
flow separation to maximum-11ft characteristics (and indirectly stalling)
in a discussion of the effects of Reynolds number on the aerodynamic char—
acteristics of airfoll sections. Although the type of stall characteris—
tic of sharp-edged alrfoills was not considered, Jacobs and Sherman
described the importance of the laminar and turbulent boundary layer in
the leading and trailing—edge types of stall. It is remarkable that the
conclusions were reached without recourse to systematlic measurements of
the boundary layer. Recently (1948), Loftin and Bursnall (refersnce 6)
extended the discussion of reference 5 on the basis of experimental data
obtained since 1937, notably those of von Doenhoff and Tetervin (ref—
erences T and 8). The importance of the localized regilon of leminar
separated flow behlnd the leading edge in the effects of Reynolds number
on the maximum 1ift of alrfoll sectlons of various thlcknesses is dls—
cusged by them at some length.

At the Ames Aeronautical Leboratory an investigation of the boundary—
layer and stalling characteristics of the NACA 633—018 and 63;-012 air—

foll sections was underteken to provide basic data for an application of
boundary—layer control. The results of the boundary-leyer—control inves--
tigation were published (references 9 and 10) and the preliminary
Investigations mentioned, but a complete presentation of the basic data
was never made. The stalls of these two alrfolls provided excellent
examples of turbulent and laminar separetlion. As a direct approach to

the stalling problem, the investigation was extended to include thinner
airfoil sectlons (NACA 63-009, 6LA006, and a sharp-edged section of

4 ,23-percent—thickness ratio). These results were published in refer—
ences 11, 12, and 13. The latter studles were significant in that they
provided the following information: The first history in which the bubble
of laminar separation was traced from lts first measurable appearance
until 1t precipitated the stall; the observation of two types of separated
flow origlnating nesr the leadlng edge of the same alrfoil prior to the
attalmment of maxlmum 11ft; and the first known investigation of the
detalls of the flow over a sharp—edged alrfoll section at low angles of
attack. Indlividually, these studies represent the investigations of —
particular alrfoil sectlons, but collectlively they cover a sufficlently o
wide range of thickness ratios to illustrate three general types of low—
speed stalling characteristics observed under identical experimental
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conditlions. The three types of stalling characteristics are simllar to
those of Jones' original classiflcation.

SOURCES OF DATA

The three types of stall and the assoclated separated flows wlll be
described, and examples of each willl be drawn from previously mentloned
unpublished data for the NACA 633-018 and 631-012 airfoll sectlons as well
as from references 11, 12, and 13. Descriptions of the airfoll models,
apparatus, and techniques of the experimental investigatlions may be found
in the references. Line drawings of the flve airfoll sections are glven
in figure 1, and the coordinates of the four round-nosed sectlons are
listed in table I. The plaln flaps shown on three of the sections were
not deflected for any of the tests mentioned herein. A typlcal installa-—
tion in the wind tumnel of one of the models, all of which were of 5-foot
chord, is shown in figure 2. Force and moment data® for the five airfoil
sections are given in figures 3 and 4; representative pressure distribu—
tions2 in figures 5 to 11; and boundary—layer data in filgures 12 to 20,
Pressure—-distribution data from zero 1lift to heyond the stall for all the
airfoll sections are tabulated in tables II to VI.

A1l data were obtained ln the Ames T— by 10—Foot wind tunnels and,
except those noted otherwise, were obtained for a Mach rumber of 0.17
and a Reynolds number of 5.8 million. The symbol notation is listed in
appendlx B,

DESCRIPTION OF THE THREE TYPES COF STALL

The three clessifications of stalling will hereafter be designated
as:

1. Trailing-edge stall (preceded by movement of the turbulent
separation point forward from the tralling edge with increas—
ing angle of attack)

2. Leading-edge stall (abrupt flow separation near the leading
edge generally without subsequent reattachment)

zThese deta have not been corrected for tunnel-wall constraint or the
effects of compressibility. The method of correction usually applied
1s described in reference 1lh. Numerical values of corrections to the
force data are listed in appendix A.
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3. Thin-airfoil stall (preceded by flow separation at the leading
edge with reattechment at a point which moves progressively
rearward with increasing angle of attack)

In the following paragraphs, those airfoll sections which fit uniquely

into one of the preceding stalling classifications will be described firstf_

Airfoil sections which comblne two types of stall or those which possess
borderline characteristlics will be discussed later. The date on which the
descriptions are based were obtalned for e Reynolds number of 5,800,000.

A change of Reynolds number or any of the factors which influence
boundary—layer growth will affect stalling characteristics, and may cause
the stall of a particular airfoll sectlon to change from one classifica-—
tion to another.

Treilling-Fige Stall

This type of stall 1s characteristic of most thick airfoll sections
(thickness ratlios of approximately 0.15 and greater), and is probably
better known than the two leading—edge types of stall. The example of
tralling—edge stall was provided by the NACA 633-018 airfoil section.

The force and moment characteristics {fig. 3) show smooth and continuous
variations from zero 1ift to well beyond the stall. The peak of the 1ift
curve 1s rounded, and the loss of 1lift as well as the increase of pressure
drag after the stall is gradual. The variatlon of pltching moment with
11ft is smooth, and there is no sudden breek at the stall., The profile
drag (fig. 4) shows the characteristic range of low drag extending to an
angle of attack of abhout h°, followed by a relatively gradual increase of
drag to the upper limit of the measurements. ' ' '

The chordwise distributlion of pressure (fig. 5) showed a progressive
increase of the peak pressures near the leading edge with increasing angle
of attack., The recovery of pressure over the rear portion of the alrfoil
was contlmuous for all angles of attack less than about 10°. TFor higher
angles of attack the pressure failed to recover to the same degree as for
the lower angles of attack and a region of nearly constant pressure,
indicative of flow separation, appeared at the trailing edge. At maximum
1ift (a=14°) the pressure distribution was relatively flat over the rear
half of the airfoll, but the peak pressures near the leading edge contin—
ued to increase after the stall.

Visual observation of tufts Indlcated that the flow remained attached
to the upper surface of the model untll an angle of attack of about 10°
was attained. With further increase of angle of attack the flow began to
separate from the rear of the airfoll, the extent of the separated reglon
progressing steadily forward. At maximum 1ift the flow was separated )
over approximately the rear half of the alrfoill. Beyond maximum 1ift the
forward progression of separation continued at about the same rate as
prior to the stall.
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The develoyment of the reglon of separated flow as indicateil by the
boundary—-layer measurements was in good agreement with that shown by the
pressure distributions and tuft studies. Previous Investigations (e.g.,
references 15 and 16) have shown that the attaimment of a value of
2.6 or 2.7 by the boundary—layer shape parameter H (see appendixz B) is
indicative that separation of the turbulent boundary layer has occurred.
Extrapolation of the data in figure 12 shows that this value was first
attained at the trailing edge for an angle of attack of about 10°. With
further increase of angle of attack the separation point, as indicated by
the shape parameter, moved progressively forward. For maximum 1ift,
gseparation occurred between the 50— and 60—percent chord stations,

These data indicate that this type of stall results from turbulent
separation moving progressively forward from the tralling edge with
Inoreasing angle of attack. The course of events which finally determines
maximum 11ft begins well before maximum 1ift is attalned. As soon as
turbulent separation appears the lift—curve slope begins to decrease. As
the chordwise extent of separation increases the lift-curve slope finally
becomes zero and the alrfoil is stalled. Throughout the range of moderate
and large angles of attack the forward progression of separation and the
changes of aerodynamlc forces are gradual and continual.

Leading-Rdge Stall

The leading—edge stall is generally inherent to most alrfoll sections
of moderate thickness (symmetrical sections with thickness ratios of
approximately 0.09 to 0.15), and has become of general interest only
comparatively recently. Examples of the leading—edge stall were fur-
nlshed by the NACA 63 —012 and 63-009 airfoil sections. The force and
moment characteristics of these alrfoil sections (fig. 3) show abrupt
discontinuities when the angle of attack for maximm 1ift is exceeded.
There 1s but 1lttle or no rounding over of the 1lift curves near maximum .
1ift, and the peaks of the curves are sharp. Coincident with the loss of
1ift at the stall there 1s an abrupt lncrease of pressure drag and a
negative shift of.the pitching moment (the curve of which is relatively
linear up to the stall). The profile drag (fig. 4) shows the low—drag
renge extending to an angle of attack of about 2° for the NACA 631—012

airfoll section and to slightly less than 29 for the NACA 63-009 airfoil
section. The increase of drag outslde the low-drag range ls gradual for
both sectlions within the limits of measurement. The force and moment
dlscontinuities which accompanied the stall were less severe in the case
of the NACA 63-009 airfoil section than for the NACA 631-012 airfoil sec-
tion. Because of violent buffeting of the latter section when stalled,
it was deemed unsafe to obtain data at the usual value of dynamic
pressure; consequently all data polnts for angles of attack greater than
that for meximum 11ft were obtained with the dynamic pressure reduced to
correspond to & Reynolds number of 4,100,000, °
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The pressure distributions (figs. 6 and T7) show a continual increase
of the peak negative pressures up to the angles of attack for maximum
11ft, followed by an abrupt collapse of the leading—edge pressure pesks.
After the collapse of the pressure pesks, the statlc pressure was
redistributed along the chord into the more or less flattened form char-
acteristic of separated flow, which accounts for the negative shift of
the pltching moment by virtue of the rearwerd shift of the center of
pressure. In the case of the NACA 63-009 airfolil section (fig. T), the
region of nearly constant pressure extended to the lO—percent—chord
statlon for an angle of attack of 9.0° (°Z ococurred for a=8.9°),

Downstream of the flattened region there was considerable recovery of
Pressure, although the pressure did not recover to free—stream static
pressure at the tralling edge. Further increases in the angle of attack
increased the chordwise extent of the region of nearly constent pressure
but reduced the magnitude of the negative pressure coefficients and the
amount of pressure recovered at the trailing edge.

Tuft studies of the NACA 63 —012 airfoll indicated that, up to the

angle of attack for maximum 1lift (12 8%), smooth flow existed over the
entire upper surface of the model. After the attainment of maximm 1ift,
all the tuf'ts eppeared to indicate separation simultaneously and there
was no evidence of flow reattachment at any station along the surface.

As previously mentioned, the stall of thls model was so violent that the
tunnel speed was reduced immediastely after the occurrence of the stall.
Similar studles of the NACA 63~OO9 alrfoll section also indicated smooth
flow up to maximm 1ift (@=8.9°). Beyond the stall, the flow differed
from that of the stalled NACA 631—012 airfoll. For an angle of attack of
9%, the tufts indicated separated or reversed flow from the leading edge
to approximately 20-percent chord. Behind this region no definite
vattern of separated flow was observed; the tufts always indicated flow
in the downstream direction although the flow was exceedingly rough.

This type of flow 1s similar to that described in the next section for the
sharp—edged alrfoil before the stall. Detailled investigation of the flow
over the forward portion of the NACA 63-009 airfoil with a single—tuft
Probe and tufts attached to wires extending outward from the surface
revealed that the reverse flow over the forward portion of the airfoil
was part of a slow circulatory flow suggestive of a vortex centered above
the airfoil surface at about 5-percent chord. Further increases in the
angle of attack moved the apparent vortex center to & more rearward
location and increased the chordwise extent of the reversed flow. It
would appear, therefore, that up to the stall the NACA 63-009 alrfoil
falls into the leading-edge stall category, and after the stall assumes
the type of flow which precedes the thin-airfoil stall.

The results of measurements of the turbulent boundary layer over
the rear portions of the NACA 6317012 and 63-009 sirfoils for angles up
to the stall are presented in figures 13 and 14 as the chordwise varia—
tions of the derived parameters 6 and H. In nelther case did the
shape parameter, even when extrapolated to the trailing edge, attain the
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critlcal value of 2.6 which 1s indicative of the occurrence of turbulent
separation. On the basls of these data 1t is apparent that-the sudden.
stalls of the NACA 631—012 and 63-009 airfoll sections were not initiated

by separation of the turbulent boundary layer which is a comparatively
gradual process.

In order to study the flow conditions which preceded the sudden
stall, the boundary layer near the leadlng edge of the NACA 63-009 air—
foll was investigated both by direct measurement with small reakes and by
the lilguid—film method, A narrow region of separated flow near the lead—
ing edge was revealed by both methods. This small region or bubble was
first discernible for an angle of attack of ebout h and persisted up
to the stall. The velocity profiles measured for angles of attack of
4° and 8° arve presented in figure 15.% Also shown 1n the figures 1ls the
static pressure on the surface of the alrfoil.

These data show that separation of-the.laminar boundery layer
occurred near the leading edge prior to the stall, and that flow reattach—
ment took place with a transitional-type boundary layer which changed to
the turbulent type within & short distance downstream., Separation always
occurred downstream of the pressure peak, and, characteristic of most
geparated—flow regions, a short extent of relatively constant surface
pressure exlsted within the bubble, although pressure recovery began up—
stream of the point of flow reattachment,

The chordwlse locations of the separation and reattachment points
as determined by the boundary-layer surveys &nd by the liguld—film method
are shown in figure 16. The correlation between the two methods is
excellent considering the small extent of the region of separated flow.
It is probable that the results of the liguid~film method having the
least interference effects, are the most reliable.

Attempts to define the separation bubblé on the NACA 63 012 airfoll
were unsuccessful because the rake wag not moved forward in sufficiently
small steps. However, the presence of a bubble similar to that on the
NACA 63-009 airfoil.was revealed by the liquid—~film method.

SIn the flgure, the boundary-layer proflles are shown above the contour
of the airfoll with the origins of the velocity axes (u/U) on the
stations at which the profiles were measured. The y/c axes are nor—
mal to the surface, and for the sake of clarity, have been magnified
20 times with respect to the elrfoil dimensions. The dashed portions
of the profiles and the cross-hatched areas represent reglons of
reversed or separated flow., The fairing of the velocity profiles in-
this reglon is arbitrary because of the inability of the rake tubes
immersed in the separated flow to indicate correctly the negative
velocity of the flaow.
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The mechanism of the stall 1s, at present, considered to te
attributable to the processes of separation and transition of the lam—
Iinar boundary layer behind the leading—edge pressure pesk. In the same
manner as for the tralling-edge stall, the flow separation causing this
type of stall begins well before the attainment of meximum 1ift, appar—
ently shortly after the leading—edge pressure peek is formed. The larm—
Ilnar boundary layer passes around the leading edge, through the pressure
peak, and separates. The subsequent processes, based on the speculation
of von Doenhoff in reference 7, appear to be as follows: After separa—
tlon, the detached laminar boundary layer continues away from the airfoil
surface along a path approximately tangent to the surface at the point
of geparation., Transition then occurs and the expansion of the turbulert
motlion spreads at such an angle relative to the path of tangency of the
separated laminar flow that the flow quickly reattaches to the surface
ag a turbulent boundery layer. This localized reglon of separated flow
has become commonly known &s the laminar-—separation bubble. Increases
in angle of attack move the pressure peak nearer the leading edge, and
because the occurrence of laminar separation 1s primarily a function of
Pressure recovery, the point of laminar separation also moves forward.

In addition, the extent of separated laminsr flow is decreased, probably
resulting from the decreased stabllity of the laminar boundary layer
brought about by the greater adverse pressure gradlent behind the pres—
sure peak and the increased Reynolds number of the flow based on local
condltions. As the point of separation moves forward, the separation
and transition phenomenon tekes place in a region of increasing curvature
of the alrfoll surface. Assuming, for the moment, that the length of
separated laminar flow 1s fixed, any increase in local curvature would
steadlly move the transitlon polnt a greater distance above the airfoil
surface, thereby rendering the process of the turbulent reattachment
contlnually more difficult. However, such an spparent impairment of tke
reattachment of flow following transition ls counteracted by the decrease
in the length of the separated laminar run caused by the effect of angle—
of—attack increase on the local Reynolds number and on the pressure
gradient. Sufficlent lncrease in angle of atbtack eventually moves the
separation point so far forward that the flow does not reattach after
transition occurs. Maximum 1ift has then been obtalned. A complete
disruption of the flow occurs over the entire upper surface and the aero—
dynamic forces, consequently, change abruptly in readjusting to the new
flow about the airfoll sectiomn.

Thin~Airfoil Stall

The stall resulting from leading—edge separatlon with progressive
rearwerd movement of the point of reattachment occurs on all sharp—edge
alrfoils and, as will be discussed later, apparently on some thin (thick—
ness ratios of 0,09 and less) rounded—leading-edge airfoll sections. The
example of thls type of separation and stall 1s given by the thinnest orf
the five airfolls investigated, the double-wedge section modified to a
thickness ratlo of 0.0423.

il
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The 1ift curve of the double—wedge airfoil section (fig. 3(a)) is
linear to near maxlimm 1ift; the top of the curve is relatively flat N
and there ig 1little loss of 1ift after the stall. The pressure drag
(fig. 3(b)) shows a progressive and rapid increase starting at zero 1ift.
The pitching moment (fig. 3(c)) shows a small positive trend for moderate
1ift coefficlents followed by a pronounced negative trend near maximm
1ift. The profile drag (fig. 4) rises rapidly for angles of attack
greater than 0.5°,

The pressure distribution (fig. 9) shows much lower pressure peaks
near the leading edge than any of the round-nose airfoils, The fallure
to attaln the high theoretlcal values of suctlon pressure over the forward
portion of the alrfoll accounts for the rapid increase of pressure drag
shown in figure 3(b). As the angle of attack was increased from 0°, a
region of essentlally constant pressure formed immediately behind the
leading edge and became of lncreasingly greater chordwise extent. For
an angle of attack of 10° (1° beyond maximum 1ift), the pressure distri-— _
bution was relatively flat along the entire upper surface. This varia— -
tlon of the pressure distributlon accounts for the negative trend of the _
pltching mcment.

Observation of tufts on the double-wedge airfoll indicated smooth
Plow for 0° angle of attack, but a localized reglon of separated flow
near the leading edge appeared almost-immedlately upon increasing the
angle of attack, Although the tufts downstream of the separated area
indlcated very rough flow, the flow became steadler as 1t approached the
traliling edge. At higher angles of attack the chordwise extent of the
separated region lncreased until 1t covered the entire upper surface of Ce ez
the model at the angle of attack for meximum 1ift. As the extent of this
separated flow Ilncreased, an area of strong reverse flow, indicated by
tufts pointing upstream, appeared in the region of separated flow. The
injectlon of smoke Into the reglon of geparated flow revealed the. pres—
ence of a clrculatory motlion in the flow above the upper surface of the
model similar to that observed on the NACA 63-009 alrfoil section after
it hed stalled.

The boundary-layer surveys on the double-wedge alrfoll showed the
pregence of a varlatlon in statlc pressure normel to the surface when
the reglon of separated flow existed. The pressure first decreased and
then increased with dlstance from the surface, the degree of variation
being greatest in the region of separated flow and diminishing toward
the trailing edge. Some velocity and statlc-pressure profiles are pre— )
gented in figure 19. The usual boundary—lsyer parameters 6 and H } h ’
were not computed since the unusual shape of the veloclty profliles and
the presence of reverse flow ocast doubt on the slgnificance of these .
parametera. (Note that values of u/U greater than 1.0 were indicated.)
The exlstence of strong reverse flow in the separated reglon in addition
to the trend of the static-—pressure proflles suggests that the separation ¥
from the leading edge results in the formation of a vortex motion as part



NACA TN 2502 ) 11 Lz

of the reglon of separated flow. Such a disturbance may account for the
mich greater thickness of the boundary leyer for this type of alrfoll as
compared to those for the round-nose alrfoll sections mentioned pre—
vliously. . The growth of the helght and extent of the separated reglon
(the boundary where 1u/U=0) is shown in figure 20. Although 3° is tae
smallest angle of attack for which data are shown in this figure sepa=
rated veloclty proflles were measured for angles of attack of 1° and 2°

The mechanism of the thin-airfoll stall 1s probably connected with
the 1nabllity of the flow to remain attached to the surface while pass—
ing from the stagnation point around the sharp leading edge to the upper
surface. The theoretically infinite (for an infinitely sharp edge)
velocltles are physically lmpossible and separatlion from the leading edge
results as soon as stagnatlon moves to the lower surface. The separated ~
flow passes above the surface of the alrfoll and reattaches farther down—
stream. The exact mechanism of reattachment is, however, obscure. All
that can be sald, for the present, is that for low angles of attack the
flow reattaches to the upper surface a short distance behind the leading
edge and flows to the tralling edge without further separation. The
boundary—layer veloclty profile at the reatbtachment point does not
resemble & typical laminar or a typlcal turbulent profile, but gradually
adjusts 1tself into a fully developed turbulent boundary-layer profile
before reaching the tralling edge. Increases in angle of attack move the
point of reattachment toward the tralling edge. When the reattachment
point coincides with the tralling edge (approximstely) the stall is
attained and further increases in angle of attack gradually reduce the
1ift and then increase it steadily to values greater than that at the
gtall. This second increase in 1ift occurs for angles of attack for
which vortex streets have been measured in the wakes of flat plates (ref—
erence 17).

DISCUSSION

In the preceding description of the leading—edge and trailing—edge
gtalls, each type was treated as though it were totally independent of
the other. Actually there is a mutual interactlion between laminar and
turbulent separation. Although not mentioned previously, a bubble of
laminar separation developed on the NACA 633—018 alrfoil section prior
to the attainment of maximum 11ft. The presence of this bubble was not
revealed by dlrect measurement but by plotting the pressure data for a B}
given chordwise station agalnst angle of attack. When a bubble passes
over g pressure—measuring orifice the pressure will fail to change uni-
formly with angle of attack because of the region of relatively constart
pressure within the bubble. Typical data showing this effect for each
of the round—nose airfoills are presented in figure 11. In each case,
including that of the 18—percent—thick airfoil, there is a small
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discontinulty indlcative of passage of a bubble over the pressure
orifice.* The effect of this bubble of laminar geparatlion on the initial
thickness of the turbulent boundary layer has been noted by von Doenhoff
and Tetervin (reference 8). For a given angle of attack the appearance

of & laminar bubble, or an lncrease in the extent of an existing bubble,
increases the initial thickness of the turbulent boundary layer and, hence,
increases the tendency for the latter to separate. There can be little
doubt that the laminar bubble tended to accelerate the turbulent stall of
the NACA 633-018 airfoil section,

Through the medium of the circulation around an ailrfoll, the occur-—
rence of turbulent separation also has an effect on laminar separstion.
For a given angle of attack the loss 1n circulation caused by turbulent
separstion reduces the local velocltles over the airfoil which in turn
increases the size of the bubble. This process favors earlier turbulent
separation, However, the decrease in the pressure gradient along the air-
foll, which accompanies the circulatlon decrease, tends to delay the
occurrence of turbulent separatlion. As a result, the mutual interaction
between the two types of boundary-layer separation is not a divergent
process, and for most alrfolls either lasminar or turbulent flow separa—
tlon 1s dominant.

There are some airfoll sections of Intermedlate thickness ratios
to those stalling from predominently laminar or turbulent separation which
combine both types of flow separation. Thls situatlon has been described
by B. M. Jones as a race between the two types of separatlon for the
determination of maximum 11ft. In such cases elther turbulent separatlon
may move forward so rapldly that the 11ft curve has a relatively sharp
peak, or a considerable extent of turbulent separated flow may form prior
to complete laminar separation resulting in a rounding of the 1lift curve
preceding the abrupt loss of 1ift which accompanies the lesding-edge stall.

The pressure recovery prior to separation effected by the laminsr
boundary layer of the NACA 63-009 airfoll section was calculated by the
theoretical method of von Karmin and Millikan (reference 18). The method
employs two types of arbitrary velocity distributions termed "single—
roof" and "double—roof" profliles, and predicts the value of the square
of the ratic of the velocity at the separation point to the maximm veloc—
ity (Uéep/Uﬁax)a' Use of the single—roof approximation gave a value of

0.81, and the double roof a value of 0.86 for all angles of attack.

4The second.- discontinulty in the curve for the NACA 631—012 airfoll is
due to the effects of reduced Reynolds number and Mach number. The
deta polnts ebove the second discontinuity were obtained at a speed
corresponding to a Reynolds number of 4.1 million and a Mach number
of 0,12, The correctlon for the difference 1in Mach number amounts to
about half the deviation from a contlnuous curve.
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The experimental value was about 0.89 for all angles of attack for which
separation was observed, Considering the rather crude approxlimatiorn to
the actual pressure distribution effected by the straight lines of tke
theoretical method, the agreement is good. These results emphasize that
laminar separation near the leading edge 1is primarily dependent on the
amount of pressure recovery the lamlnar boundary layer is capable of with-
standing. The forward movement of the bubble of laminar separation with
increesing angle of attack is, therefore, the result of the correspondirg
novement of the leading—edge pressure peak.

The length of the separated leminar run prior to transition, as
mentioned previously, is undoubtedly dependent on the stability of the
laminayr flow. However, application of stability criteria to the problem
of separated leminar flows near an alrfoil leading edge has not yet been
attempted. Further experimental and theoretical investigatiors are
requlred. :

A hypothesls advanced by von Doenhoff (reference 7) involved the
simple relationship that the length of separated laminar flow prior to
transition can be defined by a constant value of the Reynolds number
based on the local veloclity outside of the boundary layer at separation
and the distance between the points of separation and the beginning of
transition. According to this hypothesis, any increase in local velocity,
whether due to inoreased angle of attack or increased free—stream veloc—
1ty, would produce a decrease in the distance from separation to tran—
sition, and hence, in the extent of the bubble. With the assumption of
a fixed angle of spread of turbulence, any reduction in the distance from
geparatlion to transition would tend to facilitate reattachment of the
spreading turbulent flow. That increased Reynolds number doss decreass
the extent of the bubble of laeminar separation was shown by the previously
mentioned experiments of von Doenhoff and Tetervin (reference 8); the
expected effects of angle—of-attack change were confirmed by the measure—
ments made on the NACA 63-009 airfoil (reference 11). Moreover, this
hypothesis has proved useful for explaining some effects of Reynolds nur—
ber on meximum 11ft, and forms the basls for a large portion of the dis—
cussion by Loftin and Bursnall in reference 6. The value originally
suggested for the Reynolds number of the separated laminar flow was
50,000. The values determined from boundary-—layer measurements on the
NACA 63-009 airfoll section vary from 60,000 for low values of 1ift
coefficient to 30,000 near maximmm 1ift. The liquid—film measurements,
which should involve the least interference effects, give a value of about
60,000 for 1ift coefficlents greater than 0.8. Thus, von Dosnhoff's
hypothesis appears to be a useful empirical relationship.

The large difference between the leading—edge and the thin-airfoil
stalls, 1n splte of the fact that both are the result of flow separatio=
from the leading edge, 1s emphasized by the flow characteristics observsd
for the NACA 64A006 airfoil section. For angles of attack up to 4.5° the
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flow over this sectlon was simllar to that over the thicker round-nose
sections, but between 4,5° and 5° the flow changed ebruptly to a type
gimilar to that observed for the double-—wredge section. Compare, for
example, the pressure distribution (figs. 8 and 9), the boundary-layer
veloclity and static—pressure profiles (figs. 17 and 19), and the general
shape and growth of the reglon underlying the separated flow

(figs. 18 and 20). For angles of attack as low as 3°, liguid~film obser—
vations and pressure-distribution measurements (figs. 10 and 11) revealed
the presence of a bubble of laminar separation which persisted until the
abrupt change in the nature of the flow. The latter was accompanied by
discontinuities in the 1ift, drag, and pitching moment (fig. 3). Inocreas-—
ing the Reynolde number to 8.1 million delayed the abrupt change in flow
to an angle of attack between 5° and 5.5°, & result which would be
expected from the preceding discussion of the laminar bubble. It may be
concluded, therefore, that the change in flow and the accompanying force
and moment discontinultles were due to a separation of the laminar
boundary layer slmllaer to that which precipltated the stalls of the

NACA 631-012 and 63-009 airfoil sections. The separated flow, instead

of leaving the surface of the alrfoll completely, assumed the character—
lstics of geparated flow from a sharp-edged alrfoil.’

Since the flow for the stalled NACA 63009 alrfoil was remarkably
similar to that observed for the double-wedge alrfoil and for the
NACA 64A006 airfoll for angles of-attack greater than 4.5°, it appears
that the occurrence of the flow separatlon which preclpitates the leading-—
edge stall was, in these cases, succeeded by the thin—airfoil type of
separated flow. The NACA 64A006 and to & lesser extent the NACA 63-009
alrfoll sections represent cases whlch are on the borderline between air-
foils subJect solely to leading—edge or to thin-elrfoll stalling. How—
ever, in contrast to the borderline case which comblnes laminar and
turbulent separation, the leading-edge and thin—elrfoll separated flows
cannot occur simultaneously on the same alrfoll section,

CONCLUDING REMARKS

Followlng the preceding sections in which the three types and
combinations of separated flows and stalling characteristics were
described, 1t is again desired to emphasize that every airfoil section
cannot be classified uniquely into a glven stalling category, nor 1s
each type of stall limited to a given range of thickness ratios. Since
stalling is inseparably related to the behavior of the boundary-layer
flow, the same factors which influence boundary-layer growth (1.e.,
Reynolds number, streem turbulence, surface roughness, pressure gradient)
also effect the stalling characteristics of airfoll sections. A change
in any one of the factors may cause the stall of a given alrfoll sectlon
to change from one type to another and variations in thickness distribu—
tion, leading—edge radius, and camber meke 1t impossible to define
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rigidly the thickness ratios applicable to each type. Although the
analysis and illustratlive examples of the three types of stall presentel
herein are based on a serles of symmetrical airfoils investigated for
one value of Reynolds number, it is belleved that they illustrate the

stalling characteristics of most practical airfoll sections.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Fleld, Calif., July 23, 1951.
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APPENDIX A

WIND-TUNNEL-WALL CORRECTIONS

The subscript u denotes the uncorrected coefficlents presented
in this report. The correctlons were calculated by the method of
reference 1. A minor correction based on the drag coefficient has
been omitted.

NACA 633-018 Arfoll

a = ay + 0.475 Cpy * 1.902 cm,,
c; = 0.916 C1,

cg = 0.949 o,

Cp = 0.969 Cm, + 0.0132 1y

NACA 63;-012 Airfoil

@ = oy + 0.475 ¢y + 1.902 oy
Qz = 00926 C'Lu
cqg = 0.968 cd,

Cp= 0.979 Cm,, * 0.0132 ¢y,
NACA 63-009 Airfoil

@ = ay + 0.475 ¢, + 1.902 o,
cy = 0.931 iy
cg= 0.976 Cdy

cp= 0.98k4 cp,, + 0.0132 °iu
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NACA 64A006 Airfoil

a = oy + 0475 Cyy *+ 1-902 o
cy = 0.936 C1y
cg= 0.983 Cdy

cp= 0.989 °m,, + 0.0132 1

Double-Wedge Alrfoil

@ = a, +0.475 e, + 1.902 op
cy= 0.941 o
cg= 0.993 C4,,

o 0.99% op + 0.0132 ¢y,

17
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APPENDIX B

NOTATION

The symbols used 1n this report sre defined as follows:

wing chord, feet

gectlon pressure~drag coefflclent press‘ure dragqger wnit span)

ag determined from integrated pressure—dlstribution dlagrams

sectlon profile—drag coefficient <-D—> as determined from wake
surveys ac

gsectlion 1lift coefficlent (%) as determined from Integrated
pressure~digtribution dlagrams

gection pitching-moment coefflclent (_ME ag determined from
qc
integrated pressure-dlstribution diagrams

drag per unit span, pounds

*
boundary~layer shape parameter <%—>

free—stream total pressure, pounds per square foot

1ift per unit span, pounds
pltching moment per unit span, pound—feet

local static pressure on airfoil surface, pounds per sguare foot

free-stream static pressure, pounds per square foot

P=Po
pressure coefflclent 7 .

dynamic pressure (Hg~pg), pounds per square foot

local velocity within boundary layer, feet per second
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%

local velocity outsglde boundary layer, feet per second

distance from sirfoll leading edge measured parallel to
chord line, feset

distance above alrfoll measured normal to surface, feet
angle of ettack, degrees

boundary—layer thickness, feet

o}
boundary-layer displacement thickness f 1-
o

o]
boundaery-layer momentum thlckness [ f 11; < 1 -
o]
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TABIE I

COCRDINATES OF THE AIRFOIL SECTIONS

= NACA TN 2502

Station NACA airfoil section ordinate (percent chord)
(percent
chord) 633—018 631012 63-009 644006
0 0 0 0 0
.5 1.4ok .985 .T49 485
.15 1.713 1,194 .906 . .585
1.25 2.217 1.519 1,151 .739
2.50 3.104 2,102 1.582 1.016
5.0 4,362 2.925 2.196 1.399
7.5 5.308 3.542 2.655 1.68%
10.0 6.068 4,039 3.02k 1.919
15 7.225 k,799 3.591 2.283
20 8.048 5.342 3.997 2.557
25 8.600 5.712 4,275 2,757
30 8.913 5.930 L 4ho 2.896
35 9.000 6.000 4,500 2.977
Lo 8.8L45 5.920 4 bl 2.999
45 8.482 5.T0k k,296 2,945
50 7.942 5.370 h,056 2.825
55 7.256 4.935 3.739 2,653
60 6.455 4,420 3.358 2,438
€5 5.567 3.840 2.928 2,188
70 4 622 3.210 2.458 1.907
75 3.650 2.556 1.966 1.602
80 2,691 1.902 1.471 1.285
85 1.787 1.274 .990 967
90 .985 107 550 649
95 .348 .250 .196 .331
100 0 0 0 .013
L.E. radius
(percent 2,120 1.087 .631 246
cpord)
T.E. radius
(percent - — - — - Ooh1
chord)
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TABLE II.-— PRESSURE DISTRIBUTION FOR THE NACA 633—018 ATRFOIL SECTION

PEESSURE OCXFFIQIERT, P
‘:2“ o® 1° 2° 3° ¥ s & ol & 5
Attack, o
Crordvise
(suttou Upper | Lower | Upper § Lover | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower
Parcent
chord)
] 0.5 |=——| 094 ]| ——=10.88 | —— = 0684 | ———F 0B2L|~==| 0.099| =~ = |-0:290 |~ == ]| -0.760 [ ~ = =] =1,296 | = =~ = [~L.B8% | ~ = —
37 95| 0.580| .35 0.769 | .032) 0.910 ~.335 [ 0.981 | —.763 | 1.000 [-L.229] 0,95k {-1.760 | 0.871 | -@.350 } 0.72L | =2.995 | 0.520 | ~3.653 | 0.aTL
1.2% 27| .18s)-.032| 397 -.3k2]| .606|—.665| 761 |-1.006| .868 |-L.39T| .oho |-1.820| .967 |-2.285|1.007|-2.T75( .987 |-3.2%0| .936
2.50 -.038 | -.070 -.fzg 128 (=529 .335)-.800] .%03 |-l.l03| .64k |-L.k0h| 748 |-l.7a0| 845 }-2.102| .916|-2.583| ..otk |-2.878| L.c00
~ - - =115 | = WOTL | =0 2232 |—1.092 | .369 |~L.311| W77 |-1.%65] .600§-1.845| .688}-2.066| .T70 {-2.33%| .86
750 =395 | =420 | =e55L | =263 [ =.Th2 | =. -516| .J0%2(-i.112| 184 |-1.208| .292 |-1.510{ .406|-l.708| .%06| -L.93% agz -2.1k2{ 678
=433 | - k6 | ~8701 —.308 | ~.729 | —.161 | —.88k | ~.026 | -2.046 | .092 [~2.193{ .195 [-L1.348| .303 |-L. 396 | ~.737( 58T |-L.90M] .57k
13 =529 | —eshl| =81 | . -8 = —-857] - —L,033 | =089 | L1456 | .020 | .23k | J120)-L.h3s) .208| 2,488 .2%0 [-L.710| 388
20 - =573 | =667 | —si7% —.ﬁa:. - -.885] ~.258 | 1,000 | =171 { 1,080 | -.086 | -1.200| .CM3]-Ll.325| .oBk|-L.w7| .158 -.L.eg; 239
25 =628 | =637 | =718 | = = = b8 [ ~.503 f ~o348 | ~.99% | ~.263 | -1.073 | —.285 |-L1.180 | ~.103 | —L.285 | —.0R6] —L.39% | .039 | L. .16
30 —.62k | —.620 | = 705 | =348 | —.787 | =458 | —.865] —.368 | —.93% | —.250 | <101k | —.285 | -1.103 ]| ~.148 | 2.195 | -, 08k | —L.276 | —.013 | -1.338] .0%8
33 = =62k | = =558 | =768 | =TT | =826 ~. =01 | =329 | —.967] ~.258 |-1.038 | ~.19k | —2.12T | =236 | -1.190 { -.075 |~L1.238] ~.00L
ho -592 | =921 = -.agi =729 | =b8 | =781 | =387 —.836] -.323| - =265 | =~.9%8 | ~207 | -2.013 | =.189 | -1.073 | —.099 | -L1.109| ~.039
x5 ES -.ag. -.290 - =619 | =419 | = 5& —.348| -.737|—.303| -.782| —-.2v3 | —-.832 -.ﬂ =883 | =.1h3| —.93% | =099 | —.995] —.045
50 — - —.h7h | —0372 —.223 ~.333] - ~297| =618 ~.250] -.689|-.199 | —.690]~. =780 | =17 =776 |-.079 | =79k | —.015
» =357 | =376 | —ok0b § =.333 | =539 [ —.290] . ~239( ~.513|-.198) —.3431-.179 --{{x ~136| ~.610 | - -63B1-.066 | —.652] .
] —207 | —2i8 | —.dor] —218 | —.323 | —.17h | -.3%8| —.235] -.382] -.10% - —.h32]| 0261 —.568 ] -, - -.059 | —.h30| .039
&5 =19k | =178 | ~.218 | —. 147 | =259 { —. - - -.go‘ -053| -.309}-.0e7 | —323| 006 —3uk| .026 -.gzi gg ~.351] 090
10 ~-102 | ~-.127] 128 | -, 203 | -. —07L| —.16L{ —.085] —., - =199 .07 | -23] 03| —.23%] .os2| -. K -239| .l08
kel —o057 | —.06h { =077 | =081 | —.090 | =019 —.203 | O —-U8}| 00| -.132] .0b0| —.136| .065{ -.lh9| .078| —1%8| .099 | -.1M8| .123
.038] .oo3] .019] .038| .006] . Q .077) —-.013] .086] -.027| 06| —-.032| .136| —.0h3| .IN3]| —.089( 188 ] -.0%8]| .17
85 Jd02 | 098] .090] L1031 .08k| . OTT| olk2 L0661 151 053] " .159 045 .181 06| 18| © 197 W001| 213
JL66| Jase| J1sk| Jisk| W18 a7k Jse| 281 La32] W51 Wdg) .199f W0 .203] Lo9n| L23|  Lop9) .22k | .oma] 239
9 229 | .20] .218] .2le| .206| .09 .206) .232{ .97 Q791 w239 JAh{ 232 Lk .67 250 | Jo| .258
FRESSURE COEFFICIENT, §
‘:?" 100 no 120 13° e 15° 16° 17° 18°
Attack, @
Chardvise
(g::m Uppexr]| Lower | Upper | Lower |Upper | Lower | Upper | lower | Upper | Lower i Upper | Lower | Upyer | Lower |Upper | Lower| Upper | Lower
at
chard)
[} 4,367 = =—| %780} ---]-%. ——=lBs] —=—=|BMe| ——={ 5571 | —=~
.37 ,21",-? 0,94 -G.E 4%7’& -6.&; "lﬁ -6.% -1.596 jgl_;a -1. 'g —'{.gbﬁ -\1.622?
2.%0 im 937 i.:ﬂ: 935 jaez S91h :2509 832 -h.;lg 879 j.;u.: 850
= o] B33 n3n R3S BEEREE s
13;0 —2.4oh]  ,778 -e.% JBl2| -2.483 gu —2,420 33‘5 2,423 Bh61 —2.338 8%
15 127 595 | —R.1h2 623 | —2.05 +636 | —1.962 68T | ~1.513 664 | =L.790 6:%
20 L6l 456 -1.856 481 | =L.728 «490 | ~1.585 +503 | =1.500 5101 -1,360 .
25 ;gg 2323 —L.689 % —1.4o0| .3bk| =L 31k} .3sB1-2081) 369 -.969 | .36
30 5T | LB ) =1,163 2581 ~gth| .27L| -82] .2713] -.&9 ] .270
35 342 ,165| -l.195| .182{ =-.90l| .J172| —.65%| 82| —570| .81 -538 | 172
40 91%2 120 935 W30 =623 119 ¥78 WS261 -.83 Jlk| 512 100
A5 093] —673] 091 =TT} .079] ~h2l| .08af —A63| .oTh| —m2 | .0%5
50 .T03]  .095] —.493 O9L) —.h2l 079 —.h2l o mz —.m 05k | -9 033
55 513] 082 -.a22| .078] -.k31 gg -ha8| . - 027 —.522 —.00%
60 -.373| .2e0| -o03| 10| -ak3l] . ~M8| o8| -Ngg| JONT[ -. 022
6 297| 139 -.403| .130| ~.kEM)] 093] ~.b6: Q082 -517|  W0%0 —.;763 009
70 39| JLTT{ —-.h03 136 | -0 JLIg | ok W07 | =52k O3k | = 022
k) -228] .152] -.390 30| - 099 - 20821 =530 036 =58k 022
80 -.203| .190| -.370 W56 1 —.hEh 19| —.h8h W09k | —.330 W067{ =58k .029
85 177] .203) —.3s51| 85| .m0} .i9| —k72| .09k | - E - ’g 02
90 —152] .203) -.3le) .1s6| -a37] .os9] ~MB3) -.ﬁg RETS - ~. 00k
9 .203{ —.219f .136| —.391| .o713| —M2L| .038| -, [} —532 | —.0%3
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DISTRIBUTION FCR THE NACA 63;-012 AIRFOIL SECTION

PHESSURL CORFFICIINY, P
Angls
of -0.2° 0.8° .80 2.8° 3.8° 8 58 [ X
Attack, o
Chordwise
(g,ﬂ:wprmmrmwmwwmmmrnmrmrnmmrm
ohord ) .
] 1,000 == ~| 0.0 — =~} 0.745] = = ~} 0M1O} ~ ~ - 0.087| ~ — -] 0.680) — = ~§ 2.4%0| =~ -} .35 { = ==
5 405 0,230 .00%] 0,621 | — k9] O.B4T | —~960| 0,963 | ~1.602] 1.000 [ ~2.! 0,960 | ~3.0801 0,838 | -3.9701 0.638
135 | .080f ,@3| 253 «268)- 500 {~1.000{ .690|-1.573] .8h7]-2. 930 | -@.k85( .850 | 3.2h2] 1.000
2.% |50 —33h| .056] ~612] 280 | —900] .B601-Ld JSazl 53] (18] -L.8s| 839122 933
—a90f ~260{ ~35k] = 0% | —.820) .2h0] - a8 al 0T | 27D 616 {-i.T7T] TR
T.50 [—240( —300] =.kob| —136] —.580 —=Th0] 30| —003] 250[-i.080{ .362 -«1..;22‘3z 70 [ -1.510 zg
10 —270] ~323{ ~hak| —1Be | =556 | ~06L { —.700] .035{ - 68| 1.000{ J272 | <hed o379 |~L.333] .
13 —300| —320] =h29{ =237 | ~5h6{ 168 | —.6h0| —033| ~ 051 —~88%( M) -2.00] .23 {-.157] .33
20 =345 -.ggg = b —6] 2081 —635) 10| - — ~838] ON0] = o126 | 3..05%
23 ~343] 383 [ ~h39] —308 | ~226] —600| =150 | —~65h] — =T19{ 0 - <086 :gzz ke
30 =370{ ~393 [ ~430] ~333 | = 0{ = =285 =183 | —.663] —117| =729} ~030| —~&t3f .00 .
E?r —300{ ~395 [ ~450) —338| ~200] —a70]| —363| ~200 | —E3f —1k3| —6ok{ ~080{ —T5B{—~0t0| —.828| .030
= 360] =300 [ —k2k| -3 —270 | =m5] —210| %% -3B8] 68| ~1m]| ~8B7| 0% | 7|0
i Tho| Ziso| Tsk{ 3| s | <Ha | SRR The3| SHl Tl | 55| Nots| éor| i —6é7] 0
50 —303] ~2h7| ~3% | ~209| —390( 170 ~h39| —. =73 85| —~mo — - Loby
L2l -.lsg =250 [ ~273] 208 | =301 | =185 | —3b5l ~150| —~1388{ —~107| —MlR| —070| -b% -k 003
60 =180 =200 [ ~207{ =172 | =@50] =.1381 —2838 =093 | —3ll{ - «337f ~0w0} —36h| @5 | 025
6% —160] =190 | =190} w12 | gk ] lﬁ —0T0 | —263 —27%{ 0 =303 =323} 0%
70 ~o73| —OTL [ ~123} 0% | —1h0f =033 | —~168] —~alo] —176{ .0e0] —is@| .0ko| —212] .om
v B =035} ~050 | —~050| ~030| ~O% 10 =100} .00| —Li7| OW{ 1] 070} —1%]| 05| -367] .12
«a3f o ~@Of ,020 [ —~026] OL{ —ohOi 050 —OS} o] —073] WG] —Ofi| 106 —loL| .126
85 o783} 08| J060) 0T o .oeg «100 3 32 . =005 Q]| ~05) 397
50 L0 20| am| e . Ak | .06l k3 ow0s0| ad] W00 a6 ] 033 7T
93.90 | .a60f .1%5| k| Jaée| s3] ams) 3] am| ae2sf amg a26] . ait| s a0} .2
PEESSURE CORTFICIINT,
Angle
of 7.8° a.8° 9.8° 10.8° 1.8 12.3° 12.8° 13.8°
Attaok, «
Chordvies
(;:‘:::: Upper | Lower | Upper | Lower { Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower Uppar | Lower | Upper ] Lower
< ) A
o 'y -
13 ﬁ £ > 5.6 o
2.% 3 2580 | -3.073 gfg -3 1.000 | 3. Sﬁ jm . 4,635 .533 &, ggg -L.3 %
~2.01% a ~2.2%{ . =58 .90 2. GhhE-3.0%0] =323 geh =3 +950 -a..sg v
T.50 {-1.588| . =1.804] 70k 12028 .780] Q.388 gag -2.,5% . -2.658 ng % RS (.90 233
10 21.72 532 1.6 o <1.87%| -2.0%}f -2.210 Rs -a.ag o 2. B30 2.27h| 538
13 1,270 336 | -1.h00] %0 f-1.0%k| %] -L.6TS @: -1.800] 6401 L.l 6961 A.870] 76| L. 76
F] ~LERT] 6k | Lok J3ho | 3.3T3| L3991 -d.k6k] kSR sE|  mBfl03]| J30) 2 'kl L. 263
a5 2.0%0{ 18803120 A% (.25 .310]-.303]  .363] .3 ohI1 | L.U1R éf b28] kBl &
30 -.g(; «187{-1.010{ .200 [-1.115 +243 | -1.286 #2981 -L.2! 3301 27T «3 -1.279 3781128
L:; - £033] —~0ks| .2h0 |-2.013] .185] -iv «237] 122 .22 2% Wn3f 2Aa53{ 30k ]-1.085 812
82| . 85 00| ~93| .43} 20| —993| 228} el .05 .266{1.05 | —.08)
¥ =706| @3} -~ W050 | =TS 225 31 A1) 06 2081 - 2371 8661 .39 L.0LT{ 07T
0 —559| 036} - % -6 a3 ) -mel 62 -.g a8 ~ 227 = 9] - 05
» - .ggg-.o:. - A0f ~0961 kS| -] ATB] — 297 7| «209] 5] o5k
50 - o - 090 — NILS g k6| b8BT J168] kB3| ag7) - 25 -103
63 =333 | 0| ~350) 200 —3P] 1301 —3 %2 =386 2] - SR - 13 —880| 121
0 ! 061 —230{ J100)] 263 130 —278 '1.3: —2Th oL - JATT] —RTH - = =11
g —1T8{ JIRT§ = Ja% | —2s0f 7o) -ece! . —203 —202] 23] -~199] .a9] -Bej-.0%n
=16 [ k2] —n0f Jabo| ~mis] am awe| -127{ 203] —126{ 23| =129 .209] —T7B{—103
85 —aOhL 13 —00f aw| —03f . —ont 2e| 00 —~06L| 229 29] 86| —nii
% O3] . 228 .00y .015] .20] 0 L] —00) .28 ~0t 229] -0e0] .229| -.68f-120
95.90 .03 | 203} . 23] o 0] w061 .mef oM 06{ .03 J=5f w209 | —6t) a2
PRESGURS COKYTICINNT, P
o 14.8° 15.8° 26.8° 17.8° 18.8° 19.8° 20,8° a8
Attack, of
Chardvise
B"“: Upper | Lower | Upper |Lower [ Upper | Lower {Upper | Lower| Upper | Lower | Upper | Lowsr | Upper | Lower { Uppor | Lower
ohard)
«33
1.25
250
3
Te30
10
13
20
25
30
Et’)
43
20
b2
60
6
2
)
9%
93.90
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TABIE IV.— FRESSURE DISTRIBUTION FOR THE NACA 63-009 AIRFOIL SECTION

PRESSURE CCEFFICIENT, 2
ut! o° 10 20 3° 30 50 &°
Attack, o
Chardwise
(sf.at.:l.:: Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Iover Upper | Lower
chard)
0 .L._c;gg 3295 0.92k --I 0645 | = — ~ o'iﬁ —_—— -0.6123 -22: —1.509 [ = == :ﬁggsz -:-
oL B N . 0.93% | —.305 | 1,000 | -L.. 0.910 [ =2.145 | 0. =3, 0.1 . -0,k72
-] 23641 .39% —.13§. oT2T | =6 | 93k | -l.52k | 1. -2.489 | .05 -3.% 7% =h. 71| A52
o5 3] W16} -318] Lk95 |-.853 | 762 [-L.50M | 930 —2.286 | 1.000 | 3,122 .560|-k.1%5| .8%9
oT5 0201 04O | ~39%| ,379[~.879| .6h=|-L. B55) 2,135 ] .965 | -2.890 [ 1.000 | =3.820| .98
125 | =056 =076 —hokl 232 |-792] .A77]|-l.2k9| .680| -L.8%3| .835]-e.00% «939 | —2.622 <990
2.5 =o12L| =106 | =.374| 116 —.g:g e320 | —965] JA4o5|-L1.236| 6391-L.59L| 763 -2.o7k| B9
?5 —.2125 -.522 =359 gé.g - ﬁ —.Z;g igg -.ggg gig :a.lgo'( o j eﬁ 653
D s ~e -, =4l - 0 - » - . o 0 X} o
10 = 2l2 | -, 222 -.32 =096 [=A87 ] .02 —.635| .135] =799 | .236 -.9316; o3k | L0131 E%g
L} —2h2| =232 =338 { —.136 | ~.k37 | =030 | =560 .055| —.689| k6| -.798]| .232 -.923 322
20 =253 1 =23 | <338 ~,157 | =416 | =076 | —. B -628| .080] ~.722] .167] -.B2 .231
25 =e263 | =263 | ~.333 | =182 | =401 | =202 | =, -030{ =578 .035] =657} . ~ k| LITL
30 ~e268 [ =263 { =328 | =292 { =301 | ~.322 | =470 ~. -553]0 ~62L| . -68| .126
35 =278 | =a263 | —o34k | =207 | =391 | =237 | = —080| =528 1-.025| ~%59L| ,035] -.653| .08%
4o =263 | =258 | =.318 | =207 | -.366 | —. 24T | —.hes|-.100] —.0188 |- 040] - 20101 ~.593] .060
k5 —e237| =837 | =278 =192 | =325 | ~.132 | =375] ~.090| ~.k32|=-.0%0 _'kﬁ Q005 —323{ .00
50 =212 | =207 | ~.253] =.172 —.gi =122 | =340} -,080] =-.382|-.035] -. 010 = 050
5 = LT | ~e167 | =e227 | =051 | = =107 | =295} =.065| —.332{-.025] —.369| .0l0| —. 050
60 =336 | =131 -,182| —,09L [ ~,208 | —.071{ -. =045} =276 f—.005| -.308] .030| -.332| .06
65 ~eQ9L{ —.10L] =231 | =,076 | =152 | =036 | —,185] =,035| —.211| .010] ~.237} .OhO{ —.251 .ggg
70 =061 —,066 { —,086] —,0h5 | -, 112 —,015 | —,135| .015| ~.161| .oof —.177| .om| -.200] .
el =013 | ~0k0 | =040 | —.015 | -.056] .005{ —.080] .035| ~.0p| .055| —.116| .0B1 =.136 096
80 0200 $025 [—.015| Jo41]| ~.025] . -045] .80 -.056| .106| —.075| .i2L
85 0511 .035| .obo| 081 .030| .o1i| .020| .090] © AL -.005] .. ~025| .136
90 Q161 ,096| .a01| .01 .081{ 07| .o70f .125] .0%5( .i31] .osll . JLObo| 156
95 36 W1 126] .36 .122] .137 Jd05( . . <156 096 15T 088 166
PRESSURE OCEFFIOLERT, P
Angls
of 7 g° 8.5° 8.5° & 10°
Attack, &
Chordwise
(g:ct:g: Upper | Lower | Upper | Lowsr | Upper | Lower | Upper | Lower | Urper | Icwer Uppexr | Losrer
oherd)
0 W05 | === ]5562 | —~=]|6.370| ===| 7220 | == |-2.622 == —| L8533 |- - -
ol ~6.298 | -L.273 | =7.978 | —2.213 | -8.860 | 2.738 { =9.720 | =3.191 |-1.797 | ~.263 | —1.523 | —.152
25 | ~6.080 +010 | =T.438 | —531 [-8.190 | —~.798 | -8.938 | -L.118 |-1.7%8 | .465] -L.hge gla
5 :Eheo 63k | -6.430 413 | =6.610 <237 | =6.920 J108 {773 | .8L8 -J..gg: 922
oT5 .21 «508 | 5.099 766 :2550 861 | -6.001 o593 =737 | 900 L. .
1.25 | -3 1.000 | =3:908 | 979 [-&.216 | 93k {-4.52k] .918 |=l.71T7 | 1.000] ~1.k56 ggz
2.5 ~2.955 | .43 f-R.TBL| .989 |-2.990 | .995|=3.180 | 1,000 [-Ll.7 93k | =L.h0L| .
5 =1.821| 753 |-1.969| .832]|-e.100] . 2,238 1 .887 |-L.ThT| .T58| ~L.¥72] .THL
1.5 -L.46% 813 -1.523 «69% 1 =L, 75T 22 | -1.856 o798 |—L.T6T | 626 ~L.502] .619
10 =L.278| 516 | -L.4k3 g& =158 . ~L.613 | 655 |-Ll.75T 2.31?; 1. K
15 ~L.052| o392 |-LITH| —L1.238 | k90 | .30k fa -1.626 | . -L.AT2[ .386
20 ~933| J30k |1.026| .378]-1.076| .399{-1.134] . L. <3281 ~1.506 | .315
25 —.g{_s{a +237 | =923 301 —-.965] .323|-2.006] .351 |-l.2 «263| -l.299 | .239
30 e »186 | =837 o2 -.879 268 | ~-.918 2689 |-1.051| .210{-2.188] .183
35 -.&ag o1hh | =786 oL -808] .e17| —-.846| .37) —899{ .1hl|-1.061] .122
Lo - 4108 | —.709 . 123 -.Rla ATT ~T%8 201 | =753 ] J096] —.94k| .08L
&5 =577} 098 | -.623 JdA3 ) - J62( —.670{ 175 -.586| .0BS§) -.823 gﬁ
>0 =303 .093 |-, J33f =565 | JO%L| —-5881 165 -546 | LOT6] -.T2r|
55 —438| .088 [ -.k69 Jde2 | =Ak85] Lik| -500| .155 | =b70| L061] —.640| .0%0
60 —.366 +098 | —.393 o108 | —.404 Al =28 W55 | ~339 | 066| =559 | .030
65 =289 | .103|-311 1281 -.323 WAGLE =330 W95 | =359 | J086| - 025
0 —222| 113 |-.2u0 2381 —2k2 | Jk6] —238| 53 =308 .066) ~uh7] .025
™ =15 | .1231-.168 JAk3 | =172|  JSL| =175 J160 | =263 LOTL| ~.396] 005
80 -088 | 13k —.ggg J33| -a206] 82| -213) AT0 | —222]| .086] -.370| .010
85 =0kl | bk} 631 ~.045 ) J167) -.05T}F W17 | =187 | 4086| -.330| .00%
90 0261 .160| .026 J78 ) w022 871 Lols| .86 -k | L096] -.295] .008
95 <072 W65 | <066 .178 065 182 « 2186 | -.18)| .086] —.26h | -,015
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TABIE V.~ PRESSURE DISTRIBUTION FOR THE NACA 64A006 AIRFOIL SECTION

PHESSIER COEFPICIENT, P
of o° 1° 2° P 5° h2/g°
Attack, o —/E 50
Chordvise
(m:: Upper | Lower | Upper | Lower | Upper jLower | Upper | Lower| Upper | Lower | Upper | lower | Upper | Lower
chord)
¢ 1,000 | =~ = o.g&g | 0N )= = =] O.THS | =~ -] @ T =~ ——— 26| - -
033 | JB26}0.812} . 0,990 | =798[0.91k | 2,265 { 0.503 | ~%.120 { —0.223 | =5.260 | -0.T0k | 2,675 | -0,168
200 | (393} J510[-.3%9 | 884 {-1.kk0[1.000}-0.83Tf .509] —k.k85 9| B.419 ) .R3}-.29] 536
200 | (1631 . ~hg5 | .626|-1.ko0| 909 | €069 { 1,000} 3,762 | .9k0| —h.910 Bﬁ ~2.30| .96
333 | a9k} 02|55 | 33| -2.293) 960 ) 2,230 1,000 —3.Mk0 | .983] -3.650| . -2,30| .97%
500 |—013| .010]-5k0 | .hi9]-l.20e} .738]-R.101] . —2.680 f .955| -3.190 | 1.000|-@.171 | 1.000
667 | =061 =015 | =515 | .359 | -1.086] . -1.710] .658| 2.3 | 970{-2.T15| 1.000[-R.181{ .59%
833 =097 —.000 | =510 | .308 | L.025] 581 {-L.460[ 7681 -@.15L gg .52k | .97k | 2181 5B
1 =201 | —~015 { - k80 | .293| —.955| 556 -2.408] .761| 2.980| . 2,300 .5k[-eaTT| .93
150 | = I17| =056 | o3k | 202 | —828) Jhh5 | -1l.209| (633 -L.645| 782 -L.9031 .852|-R.288{ .83
2 - =092 | =3k | 1k6| —T02]| .367|-1.031( .3hS] -L.k00 2695 -1.603 JT76 | 2,212 766
2.5 |=123| 092|395 | 31| =596} (3337 —.918] 505 3.2 | S0 -i.h23) Tg|-2IM) b
3 ~123] =092 |- 33| .106| —566] .293] —8%2] .3%9|-2.136] .59%|-2.306| .668|-e.100] .663
& =133 =101 | =309} .069| =510 22T ]| ~T45| .386] - .ﬁlﬂ -1.022 ¢ 82 |-1.861] 982
b =143 | =12 |-38] .0k5} ~H85 .lg —683| 3371 ~898 S5 —1.025 <520 | 1,393 «30C
7.50 |-l |—17[-.273] o0 | -R5 . =572 26| 73| .me} -9®W| .M8}-l.osrf .he3
10 =118 | 148 | —.262 § 035 | —38%] .08 =5LL| 1891 —.630 | .28k| —730| .337] —B26f .3k A
12,50 |=~ =133 {—252 | ~03L | —.367] 018 | k75| .168] 39| . —668] .301| —70k| .301
13 - -227 { = 0h6 | ~.336] 086 | —.h3k| .138| —Sk2 | .213| —~60k| 285] —638| .260
20 ~153 | =183 | =227 |~ = 36| o1 | —393( .093| -.h87{ .157] -SEL| .199| -336] .1
2 =168 | — 143 [ ~.232 | ~076 | —.306(~.005 | =373| . =57 22| -500] 52| - 158
0 ~158] =153 | -.212 { —,09L | —286(—03 | - 34k| .036| —4ET{ .086] —A5h| ,I23| ~ a22
» =173 = =212 | =111 | —273{~.056 ] -.33 | 006 — 36| .056) ~.u3] 07T} =B 077
%0 =179 =168 | ~.222 | -106 | —273{-.066] -.27|-015| ~301| .036{ —k08| .056) -M13| .056
L] =168 | =158 { =207 | w111 | ~.253|-.066| —.296| —0f0| —3h0 [ .0@5] -313( . =377 .o
%0 =133 | ~1x9 { —.187 | 106 | —222|-.066] —260]—026] - 35| .c20] -333| .036| -337| .01
% ~133[ =108 { 182 | =086 | —19T|-.05L| =.235]~015| =269 .025] —291| .036| —u%0| .0
6 =097 } =092 { =131 | -,076 | —167|=0! - —010| —228} .025| -.2%( .036} —260( .03
& =082 | =077 | =221 [ —.056 | =—.242]|=.0R5 )| = 0 -1931 .03 —.igi 0361 —plk] .03
10 =066 | 061 | =086 |-.03L | —1u1f-.om1 | —138{ .0153f —=173| .036] - Okl [ —179) 0%
] =01 | =,0k1 | -.056 |-.020 | —076] o011 | =.097| .026] =122 | . =133 .036| -.138| .ol
80 =020 | =010 | 041 | -.0%6 | —.056] 025 ] =077 .036] —.086{ o467 -.09T| .036| —202) .08
8 0 ] —061| 0181 —020{ .03 | —.0bL| .OM6] —0%0 | .06L] -.06L]| .066f -.OTL| .08
90 onf on| .00 02| —o11) 0| —006] . —-~05] .o7i| -0 . og'l -036| .05
7] . . (051 .061{ .o51} .066] .okr| .oT7| .oba] .o81) .036) .087{ .013] .066
PRESSUSE CORFTICIENT, P
Angle
of 5-1/2° & I ° © °
Attack, & & 4 10 n
Chordvise
(g:;:::: TUpper |lower | Upper [lower |Upper |[Zower |Upper |Lower |[Upper | Lowsr (Upper | Lower | Upper | Lower
chord)
0 2,279 f= == | L2950 [= = = | -l1B3 {= == | LOW f= =~ [=0.966} = = = |-0,6T5 | = == [ ~0,9M0 | w.n.=
.033 | 2. 0,066 | -1.840 | -0.066 | -L.456 |-0.082 | . =0.061 (~i,18h | ~0.036]-1.08% o.%ﬁ —873 | -0.480
00 {1176 | TR | 2k | 3660 -1.289 | R0 i-l.1m6| %28 |-1.056) .336| —903) . A0
200 | —t.721{ 920 25501 .onk|-R.20k | .880(-l.3lf .878 {-a. 882 —908| .888( —.868| .Bk2
,333 | 2.7 om| 55 959 -.299 | .9k {131 (938 |-L.06L| .5h9] —908) .Gkk| -,86B| .965
500 | =1.731 | 1.000| -1.593 | 1.000 —a..ggg 996 | -1.131 { 1,000 {1,061 1.000] ~903] .995| —868 | 1.000
W67 1 -L.T26 [ 4996 =1.550 | 1.000 | -L. 4996 [=L,131 | 1,000 [-1.056] 1.000| —908| .995]| ~863; 1,000
2033 | -a.72L W960 | —1.545 97k [ L.29% 97611130 <990 |-1.0%6 9951 =903 970 -85 995"
1 “T6 | JGhk] -LBho 1 —2.28% | .960 |-1.131} .97k |-L.o%1| .983} —903] 960! 838 .975
15 |-1.716) .B3aj-1.333| .868)-1.28%] .BOM|-1.127] .898 |-1.046| .908{ —898) .888( 8%} .91b
2 1,726 § Lo 135 | 810 -L.344 | .o20(-1.126f .8k |-1.036( .82 -.098| .828) 888} .&%
250 |-, .1300{-250 .T55|-d.29% | .TB[-l.127} .802 {-1.0 L1 -.898| .782| -8B .806
E LT, 19| 15551 702299 | WTRR]-laeT| 756 )-1.038] .766] —658| (91| —B481 761
.7k | .62 L3651 . 2,309 | .6%2|-.133] .80 [-l.0%0| .65k —898| .60 —OM8) .T00
5 AR5 | 836 L 392 JB6 | -39 | 596 | LTl J619 [-L.0SL{  .631f ~01h| 610 —838! .620
750 {-2.617 ] JuBE| 2586 | k| -L.3W ggg -2.173 & 1076 Sl —929] 13| =863 33
10 368 | .362)1.820] 1.3 | . wk| . L. Dkl —9391 wee| —873| M0
12.5%0 | =L.207 322 | -L.397 N7 | - 368 .3'5 -1.203 .96 [-1.103 38 =950} .376] —.88k ok
15 —882 | .e8L| .k . -1.3% | . 2,208 | .30 |1.032] J3b7P 90k ggi -9k | 13
20 —628 | .2uk| —918( .2ho{-l.2h3{ .268|-1.198] .279|-L.12| .276 -.gg: B -909| 276
2 - JdTh) = 6TH 32 .01 | 217 |—=.1533( .228 [<L.lo7] 219 — 1981 9181 .20k
k] =9 [ W138] =93 | . =93 | .172(-1.081| 188 [=k.072| 168} —~9T3| .1k} -1.036| .128
] =43® | .097{ =45k Jl01| 78| .096| - 122 | -3,028]  .uae| 9541 .09k ([ — 102
&0 403 | .o72) 47| .oT7; —~631 | .081] -89 091 | —$80] .OT7] =939 .036| =91 051
55 = 36T 056 =373 W06l —.5%20 0561 =767 OTL | =50 051 —9091 L015) —90h 020
50 —~327{ .086{ —332 gzz —k2k gﬁl —£80 ggé —838| .03 —868f0 -.883
L] —295 | M| —XL| . =369 | .o} =992 . —765| .00 —~8281 —015| 834 -.026
& oSl - 086 =308 .0%0| —503] .036]| 684 .010] =TOT{ ~025| ~832{ —.046
6 =198 JOhG | =2 b8 | —268 Kek-RREN J025 | =631 = ~Th6] =086 | —800] -.051
T0 =15 W0h61 =199 086 [ =227 OB - 365 015 | =556] =005 —TOL} ~061| =766] ~.081
75 —ak3 | .ok —1%8| .0k6| —21@2{ .0W0| =307T| .013| =B500| —026 —\.653 - =735 —097
8 —112 | L0851 =128 .OWL| —I6L| .035| —£TH| .010| A5k —.0k6f —6ak| 102 TA0 | -123
& 0% | Jo5L] —o92| .ob1]| -326| .025| —e3k| =003 | ~38| .08l —588] ~127] ~6TH| -.138
90 —~035 | .08L[ —036| .ohi| —110| .015| —193| —o0el} —362| —0%2 -.igg - —628| 1%
95 005 JO51] =020 WO5L| =0T OLL| =263 | ~086] —36] ~1028] = - =572 | —~£71
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TABLE VI.— PRESSURE DISTRIBUTION FOR THE DOUBLE-WEDGE AIRFOIL SECTION

PRESSURE CCEFFICIENT, P
Angle
of o° 10 20 30 40 50 6 7° 8o
Attack, «
Chordwise
(g:::::: Upper | Lower | Upper | Lover | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower
chard )
(] 1,000 = = ~[0.810| = = ~| 0.300 ==} 0.320} = == ]-2.025| - = =] 2,000} = = = | <1,000] - ~ =~} -0.930 | = = -} -0.860| - = ~
1.25 I50| ==~ | =060 = = -] =520 | =~ =} ~1.030 ~==f —.980] =~} —900| -~ —|2,000]-=~| =530 —==] —.860] -~
2.50 «050| 0.090 | ~080] 0.330 | -L.000 | 0.410| -2.060( O.490 } -1,000] 0.600| ~2.000| 0.680 | -L.005| 0,720 | —.530] 0.790| —.865] 0.780
2055| 065 {=-070| .200§ —.390| .315|-1.05%] .375|-L.013]| k60| -L.25]| .550]-.020| .58%| - W6l0| =875 600
T.50 055 053 {060 .145F —l70( —ohol 325(-1.030] .390|-1.030] w75{-2.030] .s00] —9m0) 545 -.800] .%ko
+050 .ogg —0650] 115 —li0( .225| ~700| .280|-1.010f «345]-L.0 420 | -1.0%0| JWhO| -.965] kgo| —.900] k75
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Figure 2.— Typicael model ix;stallation_.
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